Yttria doped barium cerate (BCY) electrolyte, Ni+BCY anode supported cells were fabricated, and their stability and the mechanism of their degradation were investigated through constant current tests under various operating conditions, especially negative cell voltage operation (with respect to degradation phenomenon due to cell imbalance in a series connected stack). The results of electrochemical tests (IV characteristics and impedance spectra) indicate that the degradation rate was significant when the cell was operated under higher current densities (regardless of the sign of cell voltage) and only the ambient air was used for the cathode. Post-material analyses revealed that microstructural and compositional changes were obvious in the BCY electrolyte and the BCY of the cathode functional layer because of BCY decomposition in the wet atmosphere at the cathode. Thus, the present work concludes that the degradation rate of BCY electrolyte-based cell depends on operating conditions, i.e., the amount of current density (the water vapor production rate at the cathode) and the air flow rate (flushing water vapor at the cathode).
Introduction
Typical solid-oxide fuel cells (SOFCs) are operated at temperatures above 800°C to obtain sufficient oxygen ion conduction of the yttria stabilized zirconia (YSZ) electrolyte, and this high operating temperature leads to advantages, such as high efficiency and fuel flexibility. 1),2) On the other hand, the lifetime of a high-temperature SOFC stack is limited by thermal degradation, such as the coarsening of particles in the electrodes and chemical interactions between the electrolyte and electrodes, due to high-temperature operation. 1) Additionally, when an oxygen ion conducting electrolyte is employed in a fuel cell, water vapor is formed at the anode side, resulting in the dilution of the fuel. For these reasons, numerous studies have been conducted to reduce the operating temperature of SOFCs, i.e., to increase long-term stability; therefore, SOFCs based on proton conducting electrolytes (protonic ceramic fuel cells, PCFCs) have attracted considerable attention in recent years.
3)8) Among many proton conducting solids, such as perovskite-type oxides, yttria-doped barium cerates (BCY) and barium zirconate (BZY), have been extensively studied due to their high ion (proton) conductivity at lower temperatures (<600°C).
6)8) These materials are known to exhibit mixed proton, oxygen ion and electron/hole conduction depending upon the operating temperature and atmosphere. 6) Barium cerates are known to be the highest proton conductor, but their poor chemical stability in atmosphere containing water vapor and carbon dioxide limits the application of these materials for electrolyte in PCFCs. 9),10) The corresponding reactions with water vapor (H 2 O) and carbon dioxide (CO 2 ) can be written as
Many research groups have carried out various material analyses using X-ray diffraction (XRD), SEM (scanning electron microscopy), TEM (transmission electron microscopy), etc. on doped BaCeO 3 to detect possible changes in phase, composition, and microstructure after aging in H 2 O/CO 2 -rich atmosphere as a function of dopants and their composition. 11)17) It is noted that most of this research has been conducted on BCY powder materials or specimens themselves, not on the BCY electrolyte of fuel cells under actual fuel cell operating conditions. Obvious correlation between real fuel cell testing conditions and accelerating degradation processes has not been determined. 9 25) which implies that the stability of BCY electrolytebased cells depends on various factors related to cell components and operating conditions (such as current density and temperature).
If water vapour formation at the cathode side is one of the critical factors contributing to BCY electrolyte degradation, the stability of BCY electrolyte-based cells should be strongly dependent on the kind of electrolyte material used (especially close to the cathode side) and the air flow rate depressing the water vapour pressure. In the present study, BCY electrolytebased cells were fabricated, and their stability and the mechanism of their degradation were investigated, especially under severe operating conditions, such as a negative voltage and low air flow rate. One of the critical SOFC stack degradation phenomena is abnormal operation under a negative voltage due to cell imbalance (cell-to-cell variation) in a series-connected stack, causing rapid degradation due to anode/YSZ electrolyte interface delamination. 28) In previous studies, the degradation mechanism of YSZ electrolyte-based cells was studied under a negative voltage condition. 29)32) In the present work, constant current (CC) tests were conducted on BCY electrolyte-based cells from a positive to a negative voltage as a function of air flow rate. Before and after the CC tests, the IV curves and impedance spectra were measured and compared to trace any increase in ohmic and/or non-ohmic resistance of the cells. Post-material analyses were conducted using X-ray diffraction (XRD) and scanning electron microscopy (SEM) combined with energy dispersive spectroscopy (EDS) to identify any change in microstructure and phase after operation under severe conditions. respectively. Electrochemical tests were carried out as follows. Before hydrogen fuel was supplied to the anode side, NiO in the anode functional and support layers was reduced using a gas mixture containing 10% H 2 with the balance nitrogen for 2 h at 600°C. The anode gas was then changed to 100% H 2 while air was supplied to the cathode side, both at the flow rate of 200 ml/min. After the cell voltage reached ³1 V, the initial IV characteristics and impedance spectra were measured, and then constant current (CC) tests were conducted successively from a positive to a negative cell voltage using a Bio-Logic SP 240 potentiostat/galvanostat. Impedance measurements were taken within the frequency range of 200 kHz0.1 Hz with a signal amplitude of 10 mV under an open circuit. The duration of each CC test was about 2 h. Between CC tests, the cell was returned to the open-circuit condition, and then the IV characteristics and impedance spectra were measured at the hydrogen/air flow rate of 200 ml/min.to trace any change in electrochemical performance during the CC tests. This test procedure was repeated on the new ones without air being supplied from a gas tank, which means that only the ambient air was used for the cathode, to investigate the effect of the air flow rate on cell stability. Before and after the tests, material analyses were conducted using XRD and SEM with EDS on the electrolyte and the cathode functional layers to trace any change in the phase and microstructure of the cells.
Experimental Procedure

Resutls and Discussion
Figures 2(a) and 2(b) show SEM micrographs of the cross section of the BCY electrolyte and the cathode functional layer (BCY+LSCF), respectively, before the tests. The electrolyte appears to be quite dense with negligible porosity. EDS analyses were also conducted, and the atomic compositions of the electrolyte and the cathode functional layers were obtained. The theoretical atomic ratio of Ce to Ba in BCY 15 is 0.85. The measured value, the ratio of Ce to Ba, in the BCY single layer is , respectively, at the hydrogen/ air flow rate of 200 ml/min. A significant voltage drop was observed only during the second CC test. Between CC tests (after the reduction and after the first and the second CC test for 2 h), power tests were carried out as shown in Fig. 3(c) . The value of the initial maximum power density (³0.22 W/cm 2 ) of the anodesupported BCY cell at 600°C is acceptable in comparison with other research groups' reports. 22 ),34) After the CC test at ³0.70 V, the power density at the higher current region increased, and this improved performance may be attributed to the further reduction of NiO in the anode, judging from the slope change in the IV curve in the higher current region. On the other hand, the power density was significantly reduced after negative voltage operation at ³0.91 A/cm 2 . Moreover, the open-circuit voltage (OCV) decreased to ³0.9 V. Note that any gas crossover evidences due to cell cracking and/or sealant damages were not be detected after the test. Thus, it can be said that this OCV drop is attributed to some chemical changes occurred in the cell during the severe operation. Impedance spectra corresponding to 'before the test', 'after the CC test at a positive voltage' and 'after the CC test at a negative voltage' are shown in Fig. 2(d) . The semicircle at the low frequencies dominated by gas diffusion (agreed with the power test result) decreased after the low-current test at a positive voltage, while the high-frequency intercept of the semicircle on the real axis shifted, and the semicircle size increased after the high-current test at a negative voltage, indicating increment in both ohmic and non-ohmic resistance.
A similar CC test protocol was repeated on a BCY single-layer cell without air supply. As observed with an air flow rate of 200 ml/min, the cell voltage slightly increased during the lower current density (0.21 A/cm 2 ) CC test at a positive voltage (³0.7 V), while it dramatically decreased during the high current density (0.60 A/cm 2 ) CC test at a negative voltage (³¹0.2 V), as shown in Figs. 4(a) and 4(b) , respectively. The improvement and degradation in electrochemical performance were reflected in the IV curve and impedance spectra obtained after each CC test for 2 h, as shown in Figs. 4(c) and 4(d), respectively. As compared with the air flow rate of ³200 ml/min, the cell degradation was more serious, indicating the dependency of the BCY cell stability on the air supply rate (for flushing water vapor) as well as the amount of current density.
Jung et al. investigated the transport properties of BCY electrolyte in an anode-supported cell using embedded reference electrodes. It was found that BCY electrolyte close to electrolyte/ electrode interfaces exhibits non-negligible electronic conduction while the electronic resistance is very high in the middle region.
33) It was reported that some electronic conduction in solid electrolyte is beneficial to cell stability with regard to abnormal operation under a negative voltage in a series-connected fuel cell stack. 30)32) In the case of pure ionic conducting materials, such as YSZ, the cell showed significant degradation after negative voltage operation with the observation of anode delamination due to high internal partial pressure in the electrolyte close to the anode side. 29) From this point of view, BCY cells were expected to be resistant to degradation caused by negative voltage operation (in fact, any delamination was observed after the tests in the present work). However, their performance was significantly degraded after abnormal operation (negative cell voltage conditions). Thus, a different degradation mechanism should be taken into account for BCY cells. cathode side producing water vapor, while that in the cathode functional layer decreased to 0.30.6. Note that the reported oxygen ion transport number of BCY 15 electrolyte in a fuel cell is ³0.1 at 600°C, 35) and this value is much lower than proton transport number ³0.9, implying that the influence of water vapor on the cell is dominant at the cathode side, not the anode side. Similar microstructural and compositional changes were observed without air supply as shown in Figs. 6(a) and 6(b) . In Figs. 7(a) 7(c), XRD patterns of the cathode functional layer are compared among 'before (as fired at 1000°C)' 'after the CC test with the air flow rate of ³200 ml/min' and 'after the CC test without air supply', obtained from the cathode functional layer surface of each case. It is noted that some of BCY cells were fabricated and tested without a cathode current collector (LSCF) for the purpose of this analysis. The initial XRD patterns simply correspond to the combination of BCY and LSCF XRD patterns [ Fig. 7(a) ]. However, additional peaks (unknown phases) were detected in the cases of 'after the test' [Figs. 7(b) and 7(c)]. Especially after the operation without air supply, the intensities of the BCY and LSCF peaks were reduced, and some of the BCY peaks disappeared. As mentioned in the introduction, BCY can be decomposed to CeO 2 and Ba(OH) 2 in a water-containing atmosphere. As the current density increased, water vapor pressure increased, leading to BCY decomposition in the electrolyte as well as the cathode region. Thus, based on the EDS and XRD results, it can be said that the Ba ions of Ba(OH) 2 from the decomposed BCY diffuse and react with LSCF, resulting in the formation of unknown phases (oxides) including Ba, Fe, Sr, etc. Note that LSCF is known to be chemically unstable and decomposed, under certain operating conditions (such as water vapor vol % and working temperature). 36) Thus, the BCY+LSCF (Fig. 3) , indicating the atomic ratio of Ce to Ba. composite cathode degradation process should accelerate more as the current density increases, i.e., water vapor pressure increases.
CC tests were conducted on the BCY cells at relatively higher current density, but under a positive voltage condition, with hydrogen and air both at the flow rate of 200 ml/min. In the first case, the cell voltage vs. time plot at 0.75 and 0.60 A/cm 2 is shown in Fig. 8(a) , and the power test and impedance results (obtained before and after the CC test) are shown in Figs. 8(b) and  8(c) , respectively. Because the voltage rapidly dropped under 0.75 A/cm 2 , the current was reduced to 0.60 A/cm 2 . The IV curves and impedance spectra indicate that the degradation aspects are similar to those in the previous cases. Based on these results, we can say that the degradation of BCY cell is related to the amount of current density, not the sign of cell voltage. After the tests, the electrolyte and the cathode functional layer were analyzed by SEM and EDS, and the corresponding microstructure and atomic ratio (Ce/Ba) are shown in Figs. 9(a) and 9(b). As Fig. 6 . SEM images of the cross section of the BCY electrolyte (a) and the cathode functional layer (BCY+LSCF) (b) after the test without air supply (Fig. 4) , indicating the atomic ratio of Ce to Ba. Fig. 7 . XRD patterns of the cathode functional layer surface: (a) before the tests, (b) after the test with air supply (Fig. 3) and (c) after the test without air supply (Fig. 4) . seen in the figures, Ba is deficient in the electrolyte, while it is rich in the cathode functional layer, as observed in the previous tests.
Thus, to prevent the degradation of BCY electrolyte-based cells due to severe operation conditions, such as negative cell voltage, the use of materials that are durable against a wet atmosphere (for example, barium zirconate) is suggested as a protective layer between the cathode functional layer and the BCY electrolyte and also in the cathode functional layer. A degradation study on this kind of fuel cell constitution will be reported in a future paper.
Conclusion
In the present work, anode-supported cells (Ni-BCY/BCY/ LSCF-BCY) were fabricated and CC tested from positive to negative cell voltage to investigate the relation between degradation rate and cell components/operating conditions. The BCY cells showed a significant degradation rate during CC tests with increasing current density and decreasing air flow rate at the cathode (regardless of the sign of cell voltage). Post material analyses revealed that Ba became deficient in the electrolyte while it became rich in the cathode functional layer with the formation of secondary phases after operation. Therefore, the present work concludes that the degradation rate of BCY-based cell depends on operating conditions, such as the amount of current density (the water vapor production rate at the cathode) and the air flow rate (flushing water vapor at the cathode). (Fig. 8) , indicating the atomic ratio of Ce to Ba.
